It has long been known that amino acid substitutions in proteins of organisms living at moderate and high temperatures (mesophiles and thermophiles, respectively) are not all symmetrical; for example, more aligned sites have lysine in mesophiles and arginine in thermophiles than have the opposite pattern. This is generally taken to indicate that certain amino acids are favored over others by selection at different temperatures. Previous comparisons of protein sequences from mesophiles and thermophiles have used relatively small numbers of sequences from a diverse array of species, meaning that only the most common amino acid substitutions could be examined and any taxonspecific patterns would be obscured. Here, we compare a large number of proteins between mesophiles and thermophiles in the archaeal genus Methanococcus and the bacterial genus Bacillus. Each genus exhibits dramatically asymmetrical substitution patterns for many pairs of amino acids. There are several pairs of amino acids for which one amino acid is favored in thermophilic Bacillus and the other is favored in thermophilic Methanococcus; this appears to result from the higher GϩC content of the DNA of thermophilic Bacillus, a complication not seen in Methanococcus.
Introduction
There are two complementary approaches to detecting adaptive protein evolution: statistical and functional. Statistical techniques (Hudson, Kreitman, and Aguadé 1987; Hughes and Nei 1988; Tajima 1989; McDonald and Kreitman 1991; Fu and Li 1993; McDonald 1998) compare patterns of polymorphism and divergence observed in nature with those expected from the neutral model, and, provided that the assumptions of the tests are met, they can be powerful tools for identifying protein variation within and between species that is subject to selection (Kreitman and Akashi 1995) . However, the statistical approach provides little information about the mechanistic basis for selection; for that, one must use techniques such as in vitro mutagenesis to directly observe the biochemical, physiological, and fitness effects of single amino acid substitutions (Dykhuizen and Hartl 1980; Choudhary and Laurie 1991) . This functional approach, while necessary to understand the underlying basis for fitness differences, may not always indicate whether phenotypic differences affect fitness in nature and may be too labor-intensive to provide an overall picture of the relative roles of selection and neutral processes in protein evolution.
Here, we use a statistical technique for detecting adaptive protein evolution that tests the neutral expectation that aligned sequences from two species should have a symmetrical substitution matrix: for any two amino acids A and B, the number of aligned sites with A in one species and B in the second should equal the number with B in the first species and A in the second. This expectation derives from a model with two fundamental assumptions. The first assumption is that the substitution probability matrix among amino acids has not changed in the lineages connecting the two species and their common ancestor. Changes in this probability matrix could result from changes in the pattern of nucleotide mutations (such as increasing probability of AϩT-to-GϩC mutations in one lineage), relaxation of selective constraint in one lineage, or selection favoring different amino acids in each lineage. If a change in the patterns of mutations caused asymmetry in the amino acid substitution matrix, those amino acids that became more frequent in one species would likely have something in common at the nucleotide level, such as increased GϩC content of their codons. Significant asymmetry in the substitution matrix that is not accompanied by evidence of different patterns of mutation is generally considered evidence of adaptive evolution (Vogt, Woell, and Argos 1997) , although a model including extensive relaxation of selective constraint is difficult to reject.
The second assumption of a model yielding symmetrical protein substitution is that the numbers of mutations (the number of generations times the mutation rate per generation) are equal on the lineages connecting the two species to their common ancestor. If there are more generations or more mutations per generation on one lineage than on the other, asymmetrical patterns of substitution may result even if the relative probability matrix of different substitutions remains constant. Unlike adaptive evolution or relaxed constraint, this process would not change the overall frequencies of the amino acids in proteins, provided that the frequencies of amino acids in the ancestral species were at equilibrium.
Temperature affects both the stability and the function of proteins, so one obvious place to look for asymmetrical patterns is in organisms living at different temperatures. Previous attempts to identify the amino acid substitutions preferred at different temperatures have compared a relatively small number of protein sequences from a wide variety of organisms. Argos et al. (1979) compared the sequences of three proteins from a variety of taxa living at different temperatures, such as lactate dehydrogenase from the dogfish, the pig, the chicken, and the thermophilic bacterium Bacillus stearothermophilus. They identified 10 pairs of amino acids for which one direction of substitution was significantly preferred in the total data set. Menéndez-Arias and Argos (1989) and Vogt, Woell, and Argos (1997) performed similar analyses of 6 and 16 protein families, respectively, also from a variety of bacteria and eukaryotes; they identified a small number of substitutions that were significantly preferred in comparisons of mesophiles and thermophiles.
Because there are 190 pairs of different amino acids, searching for significantly asymmetrical substitution patterns for most pairs will require a much larger number of aligned protein sequences than those used in previous studies. It also seems likely that any thermally adaptive asymmetry could be swamped by the large number of other differences between sequences from distantly related organisms, such as the prokaryote versus eukaryote comparisons in earlier studies. Here, we take advantage of recent whole-genome sequencing projects to compare protein sequences of mesophiles and thermophiles from individual genera, and we use enough sequences to yield substantial numbers for most of the 190 pairs of amino acids.
The archaeal genus Methanococcus consists of obligately anaerobic methanogens isolated from marine sediments (Whitman, Bowen, and Boone 1992) . Methanococcus maripaludis, Methanococcus vannielii, and Methanococcus voltae have optimum growth temperatures (T opt ) of 36-40ЊC, while Methanococcus jannaschii, originally isolated from a hydrothermal vent, has a T opt of 85ЊC. All four species have genomewide GϩC contents of 30%-32%. The genome of M. jannaschii has been completely sequenced (Bult et al. 1996) , which facilitates the identification of sequences homologous to those from the other species. In the bacterial genus Bacillus, B. subtilis, a common soil bacterium, has a T opt of 30-40ЊC (Claus and Berkeley 1986) ; its genome has been completely sequenced and has a GϩC content of 43.5% (Kunst et al. 1997) . Bacillus stearothermophilus, which is often isolated from warm environments such as compost heaps, has a T opt of 60ЊC; its GϩC content is 52%, part of a trend of greater GϩC content in Bacillus with higher growth temperatures (Claus and Berkeley 1986) .
Materials and Methods
All available protein sequences (including fragments) for B. stearothermophilus were downloaded from the SwissProt, TrEMBL, and TrEMBLNew databases. Sequences less than 20 amino acids long were discarded. For each sequence, the most similar protein sequence from B. subtilis was identified using BLAST (Altschul et al. 1997 Matching sequences were aligned using CLUSTAL W (Thompson, Higgins, and Gibson 1994) . Ambiguously aligned sites adjacent to gaps were omitted, with the omitted sites extending from the gap to the nearest pair of adjacent sites that were both identical in the two sequences. The total data set consisted of 59,272 aligned amino acid sites in Bacillus and 24,575 in Methanococcus. The number of aligned sites exhibiting each of the 190 possible pairwise patterns of difference was then counted. For each pair of amino acids A and B, the significance of the deviation from the expected 50:50 ratio was tested using the log-likelihood ratio test (Gtest) with the Williams correction for continuity (Sokal and Rohlf 1981) ; if the total number of pairs was less than 40, Fisher's exact test was used. For those pairs of amino acids for which the asymmetry was in opposite directions in Bacillus and Methanococcus, the ratios were compared using a 2 ϫ 2 contingency table test with the Williams correction (Sokal and Rohlf 1981) ; if the total number of pairs was less than 40 in either genus, Fisher's exact test was used.
It is useful to summarize the information from the 190 pairwise comparisons into a single ranking of the amino acids from least preferred to most preferred at higher temperatures. Each amino acid was therefore assigned a thermal asymmetry index (TAI) that reflects the direction and magnitude of the asymmetries involving that amino acid. Ideally, for each pair of amino acids, the one that was preferred in thermophiles would have a higher TAI, and the magnitude of the asymmetry would be proportional to the difference in the TAIs of the two amino acids. For each pair of amino acids A and B, sites with amino acid A in the mesophile and amino acid B in the thermophile are referred to as AB sites, and sites with the opposite pattern are BA sites. The relative frequency of AB sites predicted from the TAI values, or Q AB , and the predicted frequency of sites with the opposite pattern, Q BA ϭ 1 Ϫ Q AB , are given by solving
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The observed relative frequency is q AB ϭ n AB /(n AB ϩ n BA ), where n AB is the observed number of AB sites. The difference between the observed and predicted relative frequencies is measured with the independent divergence measure (Kullback 1959; Csiszár and Tusnády 1984) : -Shown are those pairs of amino acids with significantly asymmetrical patterns of substitution in at least one pair of taxa and directions of asymmetry that are not significantly dissimilar in Bacillus and Methanococcus. The first column shows the amino acid preferred in mesophilic Bacillus subtilis, and the second column shows the amino acid preferred in thermophilic Bacillus stearothermophilus. Pref. ϭ the number of sites with the direction of substitution shown in the first two columns; Opp. ϭ the number of sites with the opposite direction of substitution; P ϭ the probability of obtaining the observed deviation from 50:50 by chance: * P Ͻ 0.05; ** P Ͻ 0.01; *** P Ͻ 0.001. Pairs are in order of increasing P in Bacillus. Amino acid abbreviations: A, alanine; C, cysteine; D, aspartic acid; E, glutamic acid; F, phenylalanine; G, glycine; H, histidine; I, isoleucine; K, lysine; L, leucine; M, methionine; N, asparagine; P, proline; Q, glutamine; R, arginine; S, serine; T, threonine; V, valine; W, tryptophan; Y, tyrosine. TAI values for the 20 amino acids were found that minimize the weighted sum of the independence divergence measures for all pairs of amino acids, The minimization procedure consisted of assigning each amino acid a random TAI, then varying the TAI of one amino acid at a time to minimize D. This was repeated for the set of amino acids until there was no further reduction in D. To avoid being trapped in local minima, repeated trials were done with different sets of random initial TAI values and different input orders of the amino acids. Because only the differences in TAI values are relevant, it is necessary to fix the TAI for one amino acid; the TAI for alanine was therefore arbitrarily set to 1.
Results
Counts of the number of aligned sites with each direction of difference reveal dramatic asymmetry for many pairs of amino acids (tables 1 and 2). Of the 190 pairs of amino acids, 54 in Bacillus and 45 in Methanococcus exhibit asymmetry that is significant at the P Ͻ 0.05 level. For the majority of asymmetrical pairs, the same amino acid is preferred in both thermophilic Bacillus and thermophilic Methanococcus (table 1) . However, for 15 pairs of amino acids, the amino acid that is preferred in thermophilic Bacillus is less common in thermophilic Methanococcus, and the difference in the ratios between taxa is significant (table 2). Seven of these 15 pairs involve lysine being preferred in thermophilic Methanococcus but not in thermophilic Bacillus.
The patterns of asymmetry can be summarized by assigning each amino acid a TAI. For each pair of amino acids, the amino acid having a higher index is predicted to be preferred in the thermophile, and the predicted magnitude of the asymmetry is proportional to the difference in the indices. The ordering of amino acids from smallest to largest TAI ( fig. 1) is consistent with almost all of the significantly asymmetrical pairs; only the preference of glycine over isoleucine and that of alanine over tyrosine in thermophilic Bacillus and that of tyrosine over arginine in thermophilic Methanococcus are not consistent with the ordering based on TAI for each genus.
METH.P
Because a large difference in the numbers of mutations between the mesophilic and thermophilic lineages could cause substitutional asymmetry but would not change the overall amino acid composition, it is worth noting that the amino acid composition differs significantly between mesophiles and thermophiles for several amino acids in both Bacillus and Methanococcus (table 3) . There is much information in the pairwise comparisons that is not evident from the changes in overall amino acid composition; for example, neither methionine nor leucine changes significantly in frequency between mesophilic and thermophilic Bacillus (table  3 ), yet leucine is significantly preferred over methionine there (table 1) .
Discussion
Some of these patterns of asymmetry have been noted before. Based on data from a wide variety of taxa living at different temperatures, Menéndez-Arias and Argos (1989) reported 10 asymmetrical pairs of amino acid substitutions; 9 of those pairs are in the same direction (have the same amino acid preferred at higher temperatures) in the Bacillus results reported here. Only 4 of those previously reported 10 substitutions are in the same direction in Methanococcus, however; for example, valine is preferred in thermophiles over isoleucine in the Menéndez-Arias and Argos (1989) data set, while isoleucine is significantly preferred over valine in thermophilic Methanococcus (table 1) . This emphasizes the importance of taxon-specific comparisons.
Because temperature has pervasive effects on protein stability and function, adaptive evolution seems the most plausible reason for the asymmetrical preference for certain amino acids over others at different temperatures. However, relaxation of selective constraint in one lineage could also lead to asymmetry. The common ancestor of the Methanococcus spp. was probably a thermophile (Keswani et al. 1996) , as was the common ancestor of B. subtilis and B. stearothermophilus (Ochi 1994) . If, for example, there were a large number of sites that were constrained to be lysine at high temperatures but could be either lysine or serine at lower temperatures, over time the mesophilic lineages would accumulate serine at some of the sites that remained lysine in the thermophile. This could be interpreted as positive selection favoring serine in the mesophile, when actually it was just relaxation of selection against serine. It seems unlikely that this process has caused all of the dramatic asymmetries seen, but it is difficult to imagine a statistical test that could rigorously eliminate this kind of relaxed constraint as a possible explanation of the observed patterns.
A change in the underlying mutation process may also play a role in producing asymmetry, at least in Bacillus, for which 32 of the 54 significantly asymmetrical pairs have greater maximum GϩC contents in the codons for amino acids preferred in B. stearothermophilus, while only three of the significantly asymmetrical pairs decrease the GϩC content in B. stearothermophilus. Genomewide, B. stearothermophilus has about 9% greater GϩC content than B. subtilis; it is not known whether this reflects selection for greater DNA stability or a change in the mutation process at different temperatures. It has long been known that the amino acid composition of proteins is affected by the overall GϩC content of organisms (Lobry 1997 and references therein), so it is not surprising to see asymmetrical substitutions between Bacillus with different GϩC contents. In Methanococcus, the thermophiles and mesophiles have approximately equal GϩC contents. This suggests that different patterns of mutation in mesophilic and thermophilic Methanococcus are not the explanation for the asymmetrical substitution patterns, and, indeed, 12 of the significantly asymmetrical pairs increase the GϩC content in codons for amino acids preferred at higher temperatures, 18 decrease the GϩC content, and 15 leave it unchanged. There are 15 pairs of amino acids with patterns of asymmetry that are significant and in opposite directions in Bacillus and Methanococcus, and of these, 13 increase the GϩC content of the codon that is preferred in B. stearothermophilus (table 2). The differences between the patterns seen in Bacillus and Methanococcus suggest that attempts to elucidate the functional properties of amino acids that may be adaptive to temperature should focus on taxa such as Methanococcus that do not differ in GϩC content between mesophiles and thermophiles.
